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Under certain environmental conditions and depending on its specific gravity, spilled oil 
has the ability to sink to the bottom of a water body (e.g., lake, river, ocean) (i.e., 
sunken oil). Once there, it can be difficult to predict the sunken oil’s fate and transport, 
making response efforts challenging. The Office of Response and Restoration (ORR) of 
the National Oceanic and Atmospheric Administration (NOAA) currently uses 
mathematical models in an attempt to better predict the movement of spilled oil. 
However, mathematical models cannot be simulative of the predicted trajectory if the 
physical or chemical properties of the oil are unknown, which limits the effectiveness for 
response. This is especially true for models predicting the movement of sunken oil. 
 
The critical shear stress (CSS) of sunken oil is the key parameter that governs whether 
it will migrate along the bottom of a water body or become resuspended in the water 
column. Ideally, there would be CSS estimates for all oil types that responders could 
reference during a spill, but research in this field is limited. This thesis research, 
conducted by the Coastal Response Research Center (CRRC) at the University of New 
Hampshire (UNH), used an annular flume equipped with an acoustic Doppler 
velocimeter and high definition cameras, to estimate the CSS of Alberta bitumen by 
measuring instantaneous, three-dimensional water current velocities.  
 
viii 
For this thesis, CSS estimates of Alberta bitumen were calculated using 21 saltwater 
runs and 15 freshwater runs. Runs were performed at varying temperatures (15.7-28°C) 
and water velocities (8.5-60 cm/s; 0.17-1.2 knots). Mathematical CSS estimates were 
determined using MATLAB. Shear stress estimates ranged from 0.06-2.32 Pa, which 
are comparable to those determined by other researchers at the velocity range tested in 
this research. Results showed that higher temperature and water velocity resulted in 





CHAPTER 1: INTRODUCTION 
 
1.1 Recovery of Oil 
 
The majority of viable oil recovery methods are largely focused on floating oils and 
shoreline cleanup. Owens et al. (1986) and Michel & Fingas (2016) describe several 
examples of oil recovery methods, which include mechanical removal or disposal (e.g., 
skimmers, sorbents), dispersion (e.g., chemical dispersion), containment on water (e.g., 
booms), in-situ burning, and sediment cleaning (e.g., chemical washing). To date, there 
are few oil recovery methods that are viable for non-floating oils. There are labor 
requirements, disposal issues, and efficiency-related operational factors that can affect 
any oil spill recovery efforts (Owens et al., 1986), as well as managerial, technological, 
and financial barriers to response (NRC, 1999). 
 
During non-floating oil spill response, techniques such as modeling, tracking, and 
mapping are highly critical since immediate action from responders is usually difficult. 
Challenges for non-floating oils include: variable water column conditions, sensitive 
environments, proximity to cooling or drinking water intakes, and inability to predict oil 
transport. When considering cleanup and recovery strategies, being able to understand 
and predict the fate and transport of non-floating oil is critical for responders (Simecek-
Beatty, 2006). Techniques such as sonar, grab sampling, and in situ detection can help 
responders better understand the fate and transport of oil in water (NRC, 1999). 
However, it remains difficult for responders to predict the fate and transport of non-
floating oil immediately after a spill has occurred. Since non-floating oils vary by 
viscosity, specific gravity, and other physical or chemical characteristics, there is 
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currently no universal model or method for predicting given oil’s fate, transport, or 
behavior. 
1.2 Shear Stress 
 
For oil resting on the bottom, the water moving by it, which causes a shear stress. The 
shear stress acting upon the oil is the ratio of the tangential force to the surface area at 
a point on the surface (Elger et al., 2013). The surface upon which the oil rests provides 
friction in the opposite direction (τbottom) of the force of the water on the oil surface (τtop) 
(Figure 1). If the shear stress acting upon the oil (τtop) is great enough, it may cause 
permanent deformation in the form of oil movement along the bottom or droplets (i.e., 
erosions) that break off from its mass and become suspended in the water column. The 
threshold at which erosions or permanent deformation occurs is known as the critical 
shear stress (CSS), while the shear force of the water acting on the oil refers to the bed 
shear stress (BSS). The point at which the BSS becomes greater or equal to the CSS of 
the oil, is when erosions and/or movement along the bottom (i.e., permanent 
deformation) will occur. BSS changes with river conditions (e.g., flow, water 
temperature, bathymetry) and CSS changes with oil type (e.g., viscosity).  
 
 
Figure 1. Shear Stress Acting on Sunken Oil 
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As the water flows over the non-floating oil mass, the resultant force on the oil acts 
parallel to the bottom surface. An oil’s viscosity is a physical property that characterizes 
the fluid’s resistance to deformation. Fluids with low viscosities tend to flow more easily 
than fluids with high viscosities (Elger et al., 2013). Elasticity describes a fluid’s 
tendency to return to original form and resist permanent deformation. Alberta bitumen is 
a viscoelastic fluid, meaning it exhibits both viscous and elastic properties. When a 
force is applied to a viscoelastic material, it typically causes temporary deformation until 
that force is removed. If a sufficient force is applied or if the force is applied for a certain 
amount of time, then permanent deformation can occur.  
 
The purpose of my thesis research was to determine if oil erosions and/or movement 
along the bottom can be predicted if environmental conditions (i.e., water velocity, water 
temperature) and oil type are known. Since oil types differ by physical and chemical 
properties (e.g., viscosity), then different oils will differ by CSS. In this research, the oil 
tested was Alberta bitumen. Using an annular flume, CSS was inferred by measuring 
water velocity (BSS conditions) and observing the conditions under which oil erosions 
and/or oil movement along the bottom occur (i.e., BSS has met or exceeded CSS). 
 
Alberta bitumen is a Group V oil because its specific gravity is >1.0 with respect to 
freshwater. Common Group V oils include heavy fuel oils, asphalt products, and heavy 
crude oils. Fluids with a specific gravity >1.0 will typically sink in water, but there are 
conditions where oil may become neutrally buoyant or float in some waters, especially 
those with high salinities. Federal regulations require special preparedness for Group V 
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oils, including oil spill response plans, container specifications, and shipping rules (NRC 
1999). 
1.3 Risks and Transport 
 
Non-floating oil poses a risk to water intakes. Danchuk & Willson (2010) mapped the 
trajectory of spilled oil on the Lower Mississippi River and emphasized the risks 
associated with non-floating oils as a serious threat to drinking water supplies. During 
and after a spill, there is a potential for non-floating oil to enter drinking water intakes 
and cooling water intakes (e.g., for power plants).  
 
In January 1988, a 4M-gallon diesel oil storage tank owned by Ashland Oil Company, 
Inc. experience brittle fracture failure, resulting in complete collapse. 3.8M gallons of 
diesel oil spilled from the tank and ~750,000 gallons made its way to the Monongahela 
River. The spilled oil temporarily contaminated drinking water for over one million 
people across three states and had other adverse impacts to wildlife, property, and 
businesses. Responders used booms, vacuum trucks, and other recovery techniques, 
but were only able to recover approximately 20% of the oil that spilled into the river 
(EPA, 2017). 
 
While a tugboat was pulling the barge Nestucca off the Washington coast in December 
1988, it lost its tow. In the attempt to reconnect to the Nestucca, the tugboat ruptured 
one of the barge’s oil tanks, causing 231,000 gallons of No. 6 fuel oil to spill into Gray’s 
Harbor and the Pacific Ocean. Although the oil spill originated at the water surface, 
strong wave action caused tar ball formation. The oil sank and become untraceable. 14 
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days later, it washed ashore in scattered patches along the coast of Vancouver Island 
(Canada). The Nestucca spill caused significant damage to local wildlife, including the 
death of over 50,000 seabirds and at least one sea otter, as well as impacts to fisheries, 
plants, and other aquatic life (Rowe, 1992). 
 
On November 26th, 2004, the Athos I oil tanker struck an object in the Delaware River 
(New Jersey), resulting in a 265,000-gallon oil spill. Due to shallow water conditions and 
sediment interaction, the oil released from the bottom of the vessel, did not rise to the 
surface. The Salem Nuclear Generator Station (located 40 miles south of the spill) uses 
the Delaware River water as its cooling tower intake. By December 3rd, bits of oil began 
to appear on the cooling water intake screens, causing the plant to shut down for 11 
days, costing over $33 million (NOAA, 2016a). 
 
In November 2005, the tank barge (T/B) DBL-152 was carrying approximately 5M 
gallons of heavy slurry oil from Houston, TX to Tampa, FL. The barge unexpectedly 
struck a sunken pipeline surface platform, causing oil to release. While being towed 
ashore, the barge ran aground, causing more oil to spill. Overall, approximately 1.9M 
gallons of oil spilled into the Gulf of Mexico. Responders used divers, remotely operated 
vehicles (ROVs), and oil trajectory models to locate the oil, but this took over a year of 
surveying because of the large area impacted. Divers were only able to recover 98,910 
gallons of oil (~5% of the total oil spilled), which shows the difficulty in responding to a 




In July 2010, an underground Enbridge Energy pipeline released >1M gallons of oil into 
the Kalamazoo River, its tributaries, and a nearby wetland. The oil in the pipeline was a 
thick bitumen mixed with a diluent (i.e., dilbit; a thinning chemical added to oil to 
decrease its viscosity and allow for pipeline transport). After the spill, the diluent 
evaporated, causing the bitumen to sink (NOAA, 2016c). The spill impacted 40 miles of 
the Kalamazoo River, and due to ecological sensitivities, response efforts were slow. 
Increased boat traffic for cleanup caused riverbank erosion and crushed freshwater 
mussels (NOAA, 2016d). From 2010 to 2014, 1.2M gallons of oil were recovered from 
the river (EPA, 2016). To detect the oil throughout the response effort, long poles were 
used to agitate river sediments. If sediments are poled and oil is present, oil sheen and 
globules rise to the water surface (U.S. Fish & Wildlife, 2015). 
 
These examples illustrate that non-floating oil has the potential to travel great distances 
underwater, with responders having limited ability to predict oil transport. Direct contact 
with oil, as well as cleanup operations, also have the potential to cause harm to local 
environments. 
1.4 Submerged Oil Impacts on Ecology 
 
Non-floating oil has the potential to negatively affect ecosystems, even miles away from 
release, including impacts to macrofauna, microbial populations, and plants. Alkanes 
and polycyclic aromatic hydrocarbons (PAHs) weather over time, but larger compounds 
(e.g., triterpanes, hopanes, steranes) have been shown to remain unchanged, which 
contributes to the bioavailability of hydrocarbon components (Carls et al., 2015). Due to 
the environmental conditions on the bottom of a water body (i.e., oxygen constraints, 
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low temperatures), coupled with the complex molecular structures in bitumens, 
submerged oil will typically degrade slowly. Quintana-Rizzo et al. (2015) observed 
dietary changes in three oil-affected marine fish species (Gonostoma. elongatum, 
Ceratoscopelus warmingii, Lepidophanes guentheri) in the Gulf of Mexico, while Carls 
et al. (2015) observed detectable aqueous transfer of hydrocarbons in mussels off 
Unalaska Island, AK. Grey et al. (2015) searched for significant reductions in megalopal 
settlement or body weight in the blue crab (Callinectes sapidus) in the Gulf of Mexico, 
but attributed a lack of statistical evidence to unexplained variation and low statistical 
power.  Although little is known about the effects of non-floating oil on submerged 
vegetation, after the Deepwater Horizon (DWH) oil spill, Martin et al. (2015) observed 
significant changes in reproductive output, root morphology, and uprooting force. It is 
important to note that these observed changes were dependent on the oil concentration 
to which the submerged vegetation was exposed. 
1.4 Shields Principle 
 
Gracía (2000) compiled an excellent review of the work of A. Shields, a German 
scientist who studied river fluid mechanics and sediment transport in the 1930s. Shields 
developed what later became known as the Shields Parameter (or Shields Number), 
which is a dimensionless relationship between the velocity and density of a fluid, and 
the CSS of a sediment particle. Shields found that if certain variables (e.g., fluid density, 
particle density) are known, it is possible to predict the point at which BSS and CSS are 
equal, resulting in particle liftoff from the bottom. While Shields never studied oil, his 





A goal of this research was to use the Shields Principle to predict when non-floating oil 
erosions or movement along the bottom will occur if the oil’s viscosity is known. In a spill 
response, knowing the characteristics of the oil and water, responders could predict oil 
movement along the bottom and the probability of oil erosions into the water column. 
 
Figure 2. Original Shields Curve Shields (1936) 
N.B., The vertical axis is dimensionless shear stress and the horizontal axis is Reynolds number. 
 
Figure 2 shows one of Shields’ original curves used to predict dimensionless shear 
stress as a function of the Reynolds number to particle movement (Shields, 1936). 





1.5 Research Objectives 
 
There were three primary objectives for my thesis research:  
(1) Estimate critical shear stress (CSS) of Alberta bitumen by calculating bed 
shear stress (BSS) under a variety of conditions.  
(2) Compare the bitumen’s erosions and migration in saltwater and freshwater 
conditions.  
(3) Determine if the Shields Principle can be applied to sunken oil to create a 
graph predicting the probability of oil erosion or oil migration. 
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CHAPTER 2: LITERATURE REVIEW 
 
Directly determining the BSS on a surface in turbulent conditions is not possible, 
however, there are several methods for indirectly determining it (Stapleton & Huntley, 
1995; Thompson et al. 2003); four common methods are listed below: 
1. Turbulent Kinetic Energy (TKE) Method: This method was used for my 
research as defined by Stapleton & Huntley (1995) and Thompson et al. (2003). 
The TKE method uses the velocity fluctuations in the X, Y, and Z directions 
(Biron, 2004), which can be measured by a velocimeter. This method is 
discussed in Section 3.9. 
2. Inertial Dissipation Method (IDM): Using the production and dissipation of 
turbulent wave energy, the region in between production and dissipation (i.e., 
flux) is used to determine stress (Stapleton & Huntley, 1995).  
3. Logarithmic Profile (LP) Method (also known as Velocity Profile or VP): This 
method uses a vertical array of current measurements, which normally fit a 
logarithmic profile that can be used for analysis (Soulsby, 1983; Watkins, 2015). 
The LP method can be problematic in shallow water environments (Stapleton & 
Huntley, 1995) because a vertical array is required.  
4. Reynolds Stress Method (also known as Eddy Correlation): The method 
defined by Soulsby & Humphrey (1989) uses turbulent moment flux to estimate 
the stress at the height of the instrument. However, it is greatly affected by 
sensor misalignment (especially in wave-dominated conditions), which may result 
in great error.   
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From the available methods that estimate BSS, the TKE method was used as it was 
considered to be the most reliable given the experimental design and the circular flume 
(Biron, 2004).  
 
There are few sources in the scientific literature that model the fate and transport of 
non-floating oil by comparing BSS and CSS. However, there are several peer-reviewed 
papers that attempt to model oil behavior using annular flumes. From previous 
modeling, it is known that oil type, water density, current speed, and sediment 
interaction are key factors affecting the behavior of non-floating oil during a spill (NRC, 
1999). To date, Cloutier et al. (2002) is the only peer-reviewed paper that investigates 
water density, current speed, and sediment interaction when modeling non-floating oil. 
However, Amos et al. (1992), King et al. (2014), Watkins (2015) have also contributed 
to the science behind non-floating oil modeling using annular flume-style tanks. Amos et 
al. (1992) investigated the erodibility of cohesive sediments and the presence of Type I 
and Type II erosions as described by Mehta & Partheniades (1982). King et al. (2014) 
modeled the fate and behavior of sunken weathered diluted bitumen in seawater. 
Watkins (2015) analyzed the fate and behavior of sunken Alberta bitumen under 
freshwater conditions at varying current temperatures and velocities. 
 
There are two types of erosions as described by Mehta & Partheniades (1982), Amos et 
al. (1992), and Cloutier et al. (2002): 
Type I Erosions: Solution and erosion of soluble aromatics. 
Type II Erosions: Erosion of visible oil droplets. 
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Amos et al. (1992) built a benthic annular flume in which bed erodibility of cohesive 
sediments (e.g., muds in intertidal or submerged environments) was observed. 
Erodibility was inferred indirectly by measuring the rate of change of suspended 
sediment concentrations in the water. They examined cohesive sediments, which are 
generally described as sediments containing clay that exhibit particle binding due to 
their physical and chemical properties. Friction velocity (U*) was measured using a 
flush-mounted hot-film sensor, as well as examining the logarithmic profiles. With the 
hot-film sensor method, the presence of suspended sediments significantly decreased 
friction velocity (i.e., shear stress measured in units of velocity). However, they indicated 
that suspended sediment might have affected the calibration of the hot-film sensor. 
Although Amos et al. (1992) did not examine oil, cohesive sediments and oil can exhibit 
similar behavior. They observed Type I and Type II erosions and recommended annular 
flumes for submerged studies. However, they had limitations to their flume and although 
the research was a success, improvements and refinements to the flume were 
necessary for future use.  
 
Amos et al. (1992) was the predecessor to the work conducted by Cloutier et al. (2002). 
Cloutier et al. (2002) published the most in-depth study of oil CSS for a variety of 
conditions. They used the same annular flume as Amos et al. (1992). Hibernian crude 
oil (HCO) was tested in filtered natural seawater with the goal of understanding the 
relationships between suspended sediments, temperature, and oil erosions. They found 
that temperature had a strong impact on the threshold and rate of oil erosions. At 4°C, 
only Type I (soluble) erosions were observed, but at 13°C, both Type I and Type II 
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(droplets) were observed at a BSS of about 5 Pa. White paper was placed on the walls 
of the tank to visually observe erosions, and a Seatech fluorometer (Andover, MA) was 
used to monitor crude oil concentrations in the water column. The presence of moderate 
suspended sediment concentrations (200-250 mg/L) resulted in the highest amount of 
oil erosions. It is important to note that Cloutier et al. (2002) incrementally increased 
velocity during a run and found that erosion events increased exponentially as water 
velocity increased. They postulated that turbidity, in association with suspended mineral 
fines, reduces the CSS conditions necessary to cause Type II (τcII) erosions. Most 
droplet erosions were observed at 13°C between 4.34 < τcII < 8.2 Pa, but they also 
noted small increases in oil concentration and formation of droplets (τcI) at the shear 
stresses in the range 0.52 < τcl > 1.88 Pa. 
 
Watkins (2015) analyzed sunken Alberta bitumen in the same CRRC annular flume 
used for my thesis research. Oil erosions were observed for varying water temperatures 
and current velocities. Similar to Cloutier et al. (2002), he also found that temperature 
was the key variable affecting the oil erosions; mass erosion of bitumen occurred when 
BSS reached ~2 Pa (freshwater ≥18.5 ± 1.9°C at >20 cm/s current velocity). He 
recommended that oil spill responders use results from the Alberta bitumen as a 
predictor of behavior of most Group V oils because of their similar chemical properties. 
 
King et al. (2014) examined the behavior of Canadian bitumen, which was diluted for 
pipeline and ship tanker transport. The diluted bitumen was weathered for 13 days in an 
annular flume and each day the tank was flushed and filled with fresh filtered seawater. 
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After six days of observation, oil droplets began to “erode” from the floating dilbit. These 
sinking “erosions” from the slick were attributed to the high concentration of alkylated 
polycyclic aromatic hydrocarbons (PAHs). The diluted bitumen was originally floating on 
water due to its lower density. After weathering, the bitumen’s density increased enough 
that oil balls eroded from the floating oil and sank to the bottom of the tank (reverse 
erosions to those observed by Cloutier et al. (2002) and Watkins (2015)). King et al. 
(2014) helped develop a Monod-type model, using their results, that was capable of 
simulating oil density over time (i.e., oil weathering), which could have practical 
applications in oil spill modeling.  
 
A variety of acoustic methods for submerged modeling were tested by Xenaki et al. 
(2013). They recognized that oil properties can change during a deep-water oil leak, 
which can pose mapping and response challenges. There are presently no practical 
methods of acoustically predicting non-floating oil, but they found that high-frequency 
acoustic methods are suitable for large-scale detection of presence/absence, and 
statistical description of oil. The methods that have been used include Doppler 
velocimetry to quantify turbulent flow and the location of an oil leak; tracking of oil via 
fluorescence, which detects the radiant energy emitted by certain substances; and 
dissolved oxygen measurements. It is important to note that stringy or thin oil 
components can be challenging or impossible to detect by these methods. Although 
presence/absence detection and spatial covariance of oil plumes may be possible, 
Xenaki et al. (2013) did not investigate whether acoustic methods could be used for the 




Although these studies illustrate the presence of oil erosion analysis in the scientific 
literature, there are no examples that attempt to use this information designed to assist 
responders in an oil spill scenario. Simecek-Beatty (2006) proposed a methodology for 
modeling submerged oil, however, the importance of more laboratory studies that model 
the behavior of submerged bitumen in field conditions was stressed. My research was 
designed to develop a practical approach to predicting the probability of oil erosions 
and/or oil movement along the bottom if water velocity, water temperature, and oil type 




CHAPTER 3: MATERIALS AND METHODS 
 
3.1 CRRC Annular Flume 
 
The sunken oil experiments conducted for this project were completed during the 
summer and fall of 2014. The annular flume used for this analysis (Figure 3) was the 
same one used by Watkins (2015). The flume is owned and operated by the Coastal 
Response Research Center (CRRC) at the University of New Hampshire (Durham, NH). 
Standard Operation Procedures for operation of the CRRC Annular Flume are located 
in Appendix F. 
 
 
Figure 3. Coastal Response Research Center Annular Flume 
(N.B., Yellow dashed line outlines the rectangular inner flume) 
 
The circular flume has a 4,000-L volume capacity (9 m length, 0.8 m width). The water 
depth in the flume during an experimental run was ~0.43 m, resulting in a working water 
volume of 2.5 m3. A rectangular flume (1.2 m length, 0.2 m width, 0.9 m height) was 
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located inside the annular flume (Figures 3 and 4). The inner flume minimized turbulent 
conditions and provided an area with more uniform flow conditions (X, Y, and Z 
directions) during oil measurements and observation. An oil sample was placed on a 
laminated grid at the bottom of the inner flume, and water was circulated using a 36-V 
trolling motor (Motor Guide; Tusla OK, Model #9CX53KQAX). Each experimental run 
lasted one hour at a given velocity, and oil migration (i.e., movement down the grid 
sheet) and erosions of the sunken oil were monitored. Two flow straighteners were used 
in the tank to eliminate the potential for water vortices and create an even flow moving 
over the oil. For more information on the annular flume used in this research, see 
Watkins (2015). 
               
Figure 4. Anatomy of CRRC Oil Flume 
(N.B., Not to scale) 
 
3.2 Acoustic Doppler Velocimeter (ADV) 
 
A Nortek Vectrino II Profiler (Vangkroken, Norway) was used to measure water velocity 
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within the tank. The Vectrino II Profiler is an acoustic Doppler velocimeter (ADV), which 
is capable of measuring 3D velocity rates up to 100 Hz. The ADV emits acoustic pulse-
to-pulse coherent sonar signals using a method developed by Lhermitte & Serafin 
(1984). The pulses emitted by the Vectrino interact with particles (e.g., sand, glass 
beads provided by Nortek) in the water and the return signal is used to determine the 
velocity of the water. Velocity was characterized in X, Y, and Z directions  (Figure 5). 
 
Figure 5. Cross-Sectional and Plan View of Flume Showing Vectrino Profiler Orientation 
The Vectrino Profiler is capable of measuring a variety of variables, but the primary 
measurements are water velocity, water temperature, and the distance of the probe 
head off the floor of the annular flume. The Vectrino Profiler exports files that can be 




Figure 6. Vectrino Profiler Inside Inner Flume 
(N.B., Red dashed line outlines the walls of the rectangular inner flume) 
 
3.3 Acoustic Doppler Velocimeter Calibration 
 
Due to the geometry of the ADV sensor head (i.e., transducer orientation), the Nortek 
Vectrino II Profiler does not require calibration when measuring current speed or 
direction unless the head becomes physically damaged. Although calibration is not 
necessary, Nortek recommends performing sensor, bottom, and tilt checks to ensure 
the ADV is oriented properly and functioning at the correct specifications (Nortek 
Manual, 2015). Sensor, bottom, and tilt checks were conducted periodically throughout 
the study in accordance with the manufacturer recommendations. 
3.4 Visual Observations 
 
To visually monitor the sunken and eroding oil in the tank, two GoPro Hero 3 cameras 
(San Mateo, CA) took high definition video during the experimental runs. One camera 
was mounted on the top of the tank facing downward, giving a plan view of the oil, and 
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allowing observers to view movement in the X- and Y-directions over time. The second 
camera was positioned on the side of the inner flume in a watertight box (i.e., midwater), 
which allowed observation of Type II (droplet) erosions (i.e., oil resuspending into the 
water column). Type II erosions were the only ones measured during the experiments. 
3.5 Salinity 
 
In an open ocean environment away from land, typical salinities range from 30-35 ppt 
(NOAA, 2016e) to replicate saltwater concentrations in the annular flume. The potable 
water source in the CRRC high bay was used. While filling the tank, ~125 lbs of Cargill 
(Minneapolis, MN) Hi-Grade Granulated Salt were added to the flume for each saltwater 
run. The salt was stirred into the water during filling to ensure adequate dissolution and 
mixing. Cloutier et al. (2002) and others used seawater or filtered seawater for their 
experiments. Since the salinity for this research was added to the tank using granulated 
salt, the term saltwater is used throughout this thesis. A refractometer was used to 
ensure the salinity was in the range of 30-35 ppt (30,000-35,000 mg/L) 
3.6 Oil Stranding 
 
Sunken oil samples were placed on 91.4 cm long, 19 cm wide laminated sheets 
containing 1 cm by 1 cm grids. Grids of this size covered the bottom of the rectangular 
inner flume. The sheets were laminated at UNH Printing Services (Durham, NH). 
20 ± 0.2 g of oil were placed on a sheet in a fairly circular “blob”. Mass was verified 
using an Ohaus AdventurerPro balance (Parsippany, NJ). Due to the Alberta bitumen’s 
high viscosity, oil was transferred from the source container to the laminated grids using 
a dipstick (Figure 7). It is important to note that in this research and other experiments 
involving bitumen, no slippage conditions are assumed, where the velocity is zero 
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relative to the boundary of the oil touching the grid sheet (i.e., there is no slippage of the 
fluid at the surface it is resting on) (Abivin et al. 2012; Elger et al., 2013).  
 
Figure 7. Transfer of Oil from Source to Grid Sheet Using Dipstick 	
The grid sheet was then taped to the bottom of the inner flume. The tank was filled such 
that the water hose did not spray directly onto the oil. Once the tank was filled, cameras 
were placed in the appropriate locations, and the run began.  
3.7 Quality Assurance & Quality Control (QA/QC) 
 
Oil erosions and lengthening percentage were analyzed when the run was complete by 
measuring the distance oil traveled on the laminated displacement sheets. The GoPro 
cameras recorded the position of the oil throughout the entire run. The number of 
erosions and lengthening percentage were checked by two laboratory researchers at 
different times after the run was completed. On occasion, the two analysts reported 
differing number of erosion events (± one or two erosions). If this occurred, the greater 
erosion number was used. Average temperature was taken periodically using a 
handheld thermometer to confirm readings taken by the Vectrino Profiler. If the velocity 
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readings displayed by the Vectrino software appeared abnormal at the discretion of the 
laboratory analyst or in accordance with the Vectrino Profiler Manual, the run was 
ended early and discarded. After a run, the tank was emptied and the Vectrino 
orientation was checked to ensure proper positioning, while new water, oil, and salt (if 
applicable) were added to the tank. 
3.8 Oil Properties 
 
The Alberta bitumen oil used in this research (Appendix A) was considered a heavy 
non-floating oil, which is a United Nations Institute for Training and Research (UNITAR) 
classification of oils that have an American Petroleum Institute (API) gravity <20 and 
have very high viscosities (Hunt 1995; Abivin et al. 2012). 
 
Hunt (1995) defines bitumens as “native substances of variable color, hardness, and 
volatility, composed principally of the elements carbon and hydrogen, and sometimes 
associated with mineral matter. The non-mineral constituents are largely soluble in 
carbon disulfide”. Natural oils also contain nitrogen, oxygen, sulfur, and trace metals. 
Depending on the organization of hydrocarbon molecules, petroleum-related organic 
compounds can exhibit different forms ranging from crude oil, coal, to methane gas. The 
type of organic compound can be classified and defined by its solubility in organic 
solvents (e.g., carbon disulfide) or by fusibility (i.e., transition point from solid-to-liquid or 
liquid-to-solid state over temperature) (Meyer & de Witt, 1990).  
 
Abivin et al. (2012) compared a range of heavy oils by analyzing their thermal behavior, 
viscoelasticity, and shear stress. All heavy oils tested experienced low glass-transition 
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temperatures and all oils tested exhibited consistent non-Arrhenius thermal behavior.  
For viscoelastic heavy oils, shear-thinning was observed, which is the tendency of a 
fluid to become less viscous when subjected to shear strain. Watkins (2015) observed 
shear-thickening of the Alberta bitumen when subjected to shear stress (i.e., where the 
oil became more viscous and less likely to move or erode). Cloutier et al. (2002) also 
found that HCO was not eroded under strong current velocities (i.e., shear-thickening). 
However, Hasan et al. (2009) found crude bitumens exhibited shear-thinning behavior 
similar to Dealy (1979), and also observed Newtonian behavior depending on the 
temperature. This is similar to the results found by Watkins (2015). The viscosity of oil 
can be affected by its chemical composition, specifically the presence of asphaltenes or 
paraffinic wax crystals (Abivin et al., 2012). These types of shear observations are 
applicable for a submerged environment, where current velocities at varying 




3.9 Calculating Shear Stress 
 
BSS was calculated using the Total Kinetic Energy (TKE) method (Appendix B): 
     !""	 = %& = ' ∙ )                                                     [EQ 1] 
 
*Where: Soulsby (1983), Stapleton & Huntley (1995), and Thompson et al. (2003) defined C as a 
proportionality constant valid for bottom roughness is typically 0.19, which was used in this analysis. 
 
E was calculated as a function of the fluctuations in the X, Y, and Z water current 
velocities measured by the Vectrino: ) = *+ ,-(/0+ + 20+ + 30+)                                            [EQ 2] 
 
Where: ρw is the density of water and u’, v’, and w’ are the velocity fluctuations in the x, y, and z 
directions, respectively. It is important to note that the Vectrino Profiler has a z-velocity measurement 
associated with both the x and y prongs, yielding two z-velocity measurements that should be identical. 
The z-velocity associated with the x prong was used in this analysis, since the two z-velocities were 
similar. 
 
For calculations, the density of freshwater and saltwater were assumed to be 
1000 kg/m3 and 1026 kg/m3 respectively. These densities were assumed since the 
effects of temperature-related density changes had negligible effects on BSS 
calculations. The temperature effects impacting the velocity fluctuations (as a function of 
water density) on overall BSS are unknown. Therefore, it was assumed that water 
velocity was the master variable controlling BSS, while temperature was the master 
variable affecting oil viscosity, which controls CSS. 
 
A general equation was used for the X, Y, and Z directions to calculate fluctuations, 




calculation for the X-direction. The MATLAB script for determining TKE may be found in 
Appendix B: 56/78/98:;< = =>9?/@>A	B>6;7:8C − =>9<                                 [EQ 3] 
 
Where: the measured value is the velocity measured by the Vectrino Profiler at any one point in time and 




Figure 8. Example Velocity Fluctuation Over Time in X-Direction for TKE Analysis 
The Vectrino Profiler gathers measurements throughout a run and stores the data in a 
custom .ntk file type (N.B., .ntk stands for Nortek). The Vectrino Profiler software then 
converts the .ntk file into a .mat file type (N.B., .mat stands for MATLAB). The .mat file 
can then be analyzed in MATLAB. The Vectrino Profiler software recommends 
converting .ntk files to .mat files for analysis since MATLAB software has the ability to 
analyze large and complex data arrays. 
 
For a normal run, one .ntk file was produced and was then converted into one .mat file. 
However, there were a few occasions where the hour-long run was interrupted and 
immediately restarted, resulting in two (or more) separate .ntk files that comprised one 
full run. Reasons for these interruptions included operator error, computer memory 
limitations, or inconsistent power to the building. If this type of interruption occurred, the 
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multiple files were concatenated using the MATLAB script in Appendix C in order to 
create a single .mat file, which was then analyzed using the TKE Script (Appendix B). 
The average water velocity for each run was calculated using the MATLAB script shown 
in Appendix D. 
3.10 Experimental Variables Range (Salinity, Temperature, Water Velocity) 
 
In saltwater conditions, water temperatures and current velocities ranged from 15.7-
28.0°C and 60.0-8.5 cm/s (1.16-0.16 knots), respectively. The average saltwater run 
salinity was ~31,000 mg/L (31 ppt). For freshwater conditions, temperature and current 








As the temperature of a liquid increases, its viscosity decreases (Elger et al., 2013). 
Therefore, it was expected that during higher temperature runs, the bitumen’s viscosity 
would be lower, resulting in greater movement along the bottom and more erosions 
relative to colder temperature runs.  
 
When calculating BSS using the TKE method, velocity (i.e., velocity fluctuations) is the 
driving factor. Therefore, it was expected that for runs with faster water velocity, greater 
migration and more erosions would occur relative to slower velocity runs due to greater 
BSS conditions.  
 
Since saltwater (1026 kg/m3) has a greater density than freshwater (1000 kg/m3), it was 
expected that the saltwater runs might cause greater migration and more erosions 
relative to freshwater runs, since a higher shear force would be acting on the bitumen. 
However, the impact of water density was expected to be minor because saltwater and 
freshwater have fairly similar densities. 
 
4.2 Experimental Results 
 
Oil spill responders, the U.S. Coast Guard (USCG), and other organizations often refer 
to water velocity speeds in knots, not cm/s. Therefore, Figure 9 was provided to aid in 
the conversions between these units. Generally, cm/s are ~50 times greater than knots. 
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Hereafter, water velocities (cm/s) will be reported, followed by knots in parenthesis. The 
exact conversion between cm/s and knots is: 
1 cm/s = 0.019 knots 
 
Figure 9. Velocity Comparison of cm/s to knots 
A summary of all experimental results can be found in Table 1. Within the 21 saltwater 
runs, temperature ranged from 15.5°C to 30°C. For salinity, although there was some 
slight variation, the average was 30,000 ± 2,000 mg/L for all saltwater runs. Water 
velocity ranged from 8.5 to 60 cm/s (0.17-1.17 knots). Between 0 and 5 erosion events 
were observed per run using the video collected by the GoPro cameras.  
 
Within the 15 freshwater runs, temperature ranged from 10.8 to 29.4°C. All water was 
taken from a potable water source, and salinity was 0 mg/L using the refractometer. 
Water velocity ranged from 13.5 to 57.5 cm/s (0.26-1.12 knots). Between 0 and 5 
erosion events were observed per run using video collected by the GoPro cameras. The 































1 Saltwater 37,000 15.7 8.5 14 6 1 0.135 0.003 
2 Saltwater 31,000 17.0 25.0 75 11 4 0.237 0.005 
3 Saltwater 26,000 28.0 9.0 67 17 2 0.137 0.003 
4 Saltwater 32,000 17.3 38.0 88 28 1 0.476 0.010 
5 Saltwater 29,000 16.7 21.0 86 29 1 0.236 0.005 
6 Saltwater 28,000 22.2 30.0 83 19 2 0.881 0.018 
7 Saltwater 30,000 22.1 16.5 62 0 4 0.502 0.010 
8 Saltwater 30,000 22.2 23.0 33 0 1 0.441 0.009 
9 Saltwater 31,000 30.1 14.5 241 0 1 0.369 0.008 
10 Saltwater 30,000 33.0 57.2 244 20 5 0.450 0.009 
11 Saltwater 30,000 18.0 26.5 0 0 0 0.514 0.011 
12 Saltwater 31,000 17.0 15.0 45 5 2 0.542 0.011 
13 Saltwater 30,000 20.5 30.0 78 5 0 0.595 0.012 
14 Saltwater 30,000 25.0 37.0 159 5 5 0.798 0.017 
15 Saltwater 30,000 19.5 20.0 88 16 0 1.095 0.023 
16 Saltwater 30,000 22.5 60.0 81 0 0 0.216 0.005 
17 Saltwater 30,000 25.5 24.0 133 0 0 0.812 0.017 
18 Saltwater 31,000 15.5 15.0 6 0 3 2.322 0.048 
19 Saltwater 30,000 27.0 27.0 144 0 2 0.942 0.020 
20 Saltwater 31,000 19.0 11.0 124 0 2 0.567 0.012 
21 Saltwater 30,000 28.0 26.0 179 0 0 1.030 0.022 
22 Freshwater 0 17.1 23.0 5 18 1 0.094 0.002 
23 Freshwater 0 20.9 21.5 100 12 4 0.244 0.005 
24 Freshwater 0 26.2 15.0 74 13 1 0.454 0.009 
25 Freshwater 0 28.4 24.0 144 19 4 0.482 0.010 
26 Freshwater 0 28.9 18.0 226 6 4 0.499 0.010 
27 Freshwater 0 25.8 57.5 269 29 1 0.896 0.019 
28 Freshwater 0 12.6 21.0 14 12 5 0.345 0.007 
29 Freshwater 0 12.6 40.0 69 31 2 0.785 0.016 
30 Freshwater 0 10.8 17.0 13 5 4 0.243 0.005 
31 Freshwater 0 22.0 14.0 10 0 0 0.113 0.002 
32 Freshwater 0 22.0 19.6 28 0 4 0.056 0.001 
33 Freshwater 0 21.9 16.0 0 0 2 0.101 0.002 
34 Freshwater 0 25.8 15.0 11 6 0 0.216 0.004 
35 Freshwater 0 22.2 42.0 89 10 2 0.219 0.005 





4.3 Bitumen Erosions 
 
Figure 10 (saltwater) and Figure 11 (freshwater) show the number of erosions that 
occurred over a range of temperatures and water velocities. The maximum number of 
erosions observed in a single hour-long run was 5. There were six saltwater and three 
freshwater runs where no erosions occurred.  
 
 





Figure 11. Erosion Frequency Over Varying Temperatures and Velocities in Freshwater Conditions 
 
4.4 Bitumen Lengthening 
 
Bitumen movement along the bottom (i.e., lengthening) was observed in the X- and Y-
directions using the grid sheets in the inner flume. Since this analysis focused on the 
shear stress caused by water moving in the X-direction, combined with the fact that the 
Y-direction lengthening was typically much less compared to the X-direction, the Y-
direction lengthening was not included in this analysis. Within the inner flume, the X-
direction referred to the direction with the flow, while Y-direction referred to the wall-to-
wall perspective (Figure 12). The Z-direction was vertical from the tank floor to the water 




Figure 12. Plan View of CRRC Annular Flume 
 
For saltwater conditions, the high temperature runs yielded greater X-direction 
lengthening compared to low temperature runs (Figure 13). This correlated with the 
hypothesis that at higher temperatures, bitumen viscosity decreases, which decreases 
the oil’s resistant to movement. In the high temperature runs, the oil often doubled in 
length during the hour-long run. Velocity did not appear to have a clear effect on 
lengthening for the saltwater runs, although, the highest lengthening (Run 10) occurred 
during the highest temperature (33°C) and velocity (57.2 cm/s; 1.1 knots) tested. 
	




For freshwater (Figure 14), the greatest X-direction lengthening occurred with a 
combination of high temperature and high velocity. At low temperature and low velocity, 
very little (or no) lengthening occurred. 
 
Figure 14. X-Direction Oil Lengthening Percentage Over Varying Temperatures and Velocities in Freshwater 
Conditions 
 
Bitumen lengthening and oil erosions are indicative of conditions where BSS exceeds 
the CSS of the oil (i.e., causing permanent deformation). Figure 15 compares erosion 
events and lengthening percentage for each run. Where greater bitumen migration 
occurred, it was expected that there would also be greater erosions, but this was not 














































































4.5 TKE Shear Stress Estimates 	
Using the TKE method to measure BSS (Appendix B), CSS can be inferred by the 
visual observation of erosions. If an erosion occurred, then the BSS met or exceeded 
the CSS of the bitumen, resulting in resuspension.  
 
Figure 16 (saltwater) and Figure 17 (freshwater) show the average BSS present during 
the hour-long runs. It is important to note that one saltwater run had an unusually high 
BSS (Run Number 18, 15.5°C: 2.5 Pa) even though it was at a low velocity (15.0 cm/s). 
One possibility for such a result could be improper positioning of the ADV or flow 
straighteners, which may have created higher turbulence and fluctuations than 
expected. However, 2.5 Pa was still within the acceptable testing range (Appendix E). 
	
Figure 16. TKE BSS Estimates Over Varying Temperatures and Velocities in Saltwater Conditions 





Figure 17. TKE BSS Estimates Over Varying Temperatures and Velocities in Freshwater Conditions 
 
(N.B: Figure 16 (0-2.5 Pa) and Figure 17 (0-0.9 Pa) have different Y-axis ranges) 
 
 
Five and three individual runs experienced no erosions during the saltwater and 
freshwater runs, respectively (Figures 18 and 19). The saltwater “no erosion” runs 
occurred with no obvious pattern for temperature, velocity, and BSS. However, all three 
of the freshwater “no erosion” events occurred at the lowest velocity (~13.5 cm/s) and at 
middle to high temperatures. For an erosion to occur, the BSS needed to be strong 
enough to exceed the CSS of the bitumen, resulting in oil erosion(s) (i.e., resuspension 
into the water column). Appendix E shows the BSS required to initiate sediment liftoff 
over a range of particle diameters. The BSS values for the bitumen calculated from this 
research are in the range of these for movement of sediment grains. 
 





Figure 18. Comparison of TKE BSS Estimates and Erosion Occurrence in Saltwater Conditions 
 
Figure 19. Comparison of TKE BSS Estimates and Erosion Occurrence in Freshwater Conditions 
(N.B.: Figure 18 (0-2.5 Pa) and Figure 19 (0-0.9 Pa) have different Y-axis ranges)  




A Least Squares Fit test was run using JMP Pro 13 (Cary, NC) to statically compare all 
experimental runs (Figure 20). For all runs, temperature (P>0.0001) and average 
velocity (P>0.0199) had significant effects on X-direction lengthening percentage. None 
of the variables had significant effects erosion events. A detailed statistical report 
generated by JMP Pro 13 can be found in Appendix H. 
	




In December 2016, the Alberta bitumen used in this research was analyzed in the UNH 
Materials Laboratory (Durham, NH), managed by Dr. Eshan Dave. Bitumen viscosity 
was analyzed using a TA Instruments (New Castle, DE) HR-1 Discovery Hybrid 
Rheometer. Other methods for analyzing the viscosity of heavy bitumen oils using a 
viscometer have been conducted by Mehrotra & Svrcek (1986), Svrecek & Mehrotra 
(1988), and Souraki et al. (2012), but a rheometer can also be used to determine 
viscosity. Appendix G shows the raw data collected using the rheometer. Figure 21 
shows the results from the viscosity analysis. 





Figure 21. Rheometer Viscosity Analysis of Alberta Bitumen 
The following equation, derived from Figure 21, was used to calculate viscosity: 
Viscosity = 1x108(T)-4.172                                       [EQ 4] 
 
Where: T is temperature in degrees Celsius and the resulting viscosity is in Pa.s. 
 
Mehrotra & Svrcek (1986), Svrcek & Mehrotra (1988), and Souraki et al. (2012) 
analyzed the physical properties of Athabasca bitumen, another type of heavy crude oil. 
There are no known studies that analyzed the viscosity of Alberta bitumen across a 
temperature spectrum, so Figure 22 compares the viscosity of the Alberta bitumen used 
in this research (using EQ 4) with the Athabasca bitumen tested by Souraki et al. 
(2012). The equation for determining the Athabasca bitumen viscosity at a known 
temperature from Souraki et al. (2012) was: 
Viscosity = 1x109(T)-4.797                                          [EQ 5] 
Where: T is temperature in degrees Celsius and the resulting viscosity is in Pa.s. 
 




The term viscosity is typically used to describe pure fluids, and since Alberta bitumen is 
considered a viscoelastic fluid, complex viscosity is used. Viscosity and complex 
viscosity are the same measurement, but the name differs by the type of fluid (e.g., non-
Newtonian) being analyzed. The two oils have similar viscosities (Figure 22). 	
	
Figure 22. Comparison of Athabasca Bitumen and Alberta Bitumen Viscosities 
 
  




Using EQ 4, the Alberta bitumen viscosity is shown for each run (Table 2).  
 


















1 Saltwater 15.7 15.7 14 1 1025 
2 Saltwater 17.0 17.0 75 4 735 
3 Saltwater 28.0 28.0 67 2 92 
4 Saltwater 17.3 17.3 88 1 684 
5 Saltwater 16.7 16.7 86 1 792 
6 Saltwater 22.2 22.2 83 2 242 
7 Saltwater 22.1 22.1 62 4 246 
8 Saltwater 22.2 22.2 33 1 242 
9 Saltwater 30.1 30.1 241 1 68 
10 Saltwater 33.0 33.0 244 5 46 
11 Saltwater 18.0 18.0 0 0 579 
12 Saltwater 17.0 17.0 45 2 736 
13 Saltwater 20.5 20.5 78 0 337 
14 Saltwater 25.0 25.0 159 5 147 
15 Saltwater 19.5 19.5 88 0 415 
16 Saltwater 22.5 22.5 81 0 228 
17 Saltwater 25.5 25.5 133 0 136 
18 Saltwater 15.5 15.5 6 3 1081 
19 Saltwater 27.0 27.0 144 2 107 
20 Saltwater 19.0 19.0 124 2 462 
21 Saltwater 28.0 28.0 179 0 92 
22 Freshwater 17.1 17.1 5 1 718 
23 Freshwater 20.9 20.9 100 4 311 
24 Freshwater 26.2 26.2 74 1 121 
25 Freshwater 28.4 28.4 144 4 87 
26 Freshwater 28.9 28.9 226 4 80 
27 Freshwater 25.8 25.8 269 1 129 
28 Freshwater 12.6 12.6 14 5 2566 
29 Freshwater 12.6 12.6 69 2 2566 
30 Freshwater 10.8 10.8 13 4 4882 
31 Freshwater 22.0 22.0 10 0 251 
32 Freshwater 22.0 22.0 28 4 251 
33 Freshwater 21.9 21.9 0 2 256 
34 Freshwater 25.8 25.8 11 0 129 
35 Freshwater 22.2 22.2 89 2 242 











Figure 23. Shear Stress and X-Direction Lengthening Shields Curve. 
There was no significant relationship between viscosity and X-direction lengthening 
percentage or erosion events (Figure 20). Figure 23 compares X-direction lengthening 
and BSS. Higher BSS conditions often yielded higher lengthening percentage, but this 
relationship was not significant. The lack of a significant relationship between these two 
variables could be explained by annular flume limitations, which restricted the 








CHAPTER 5: DISCUSSION 
 
During an oil spill, containing, detecting, modeling, and recovering the oil can be 
challenging for responders. The overarching objective of this research was to help 
NOAA oil spill modelers to better predict the probability of sunken bitumen resuspension 
(i.e., erosion) or movement (i.e., lengthening). As demonstrated in the Athos I oil spill, 
the spilled oil sunk because it mixed with bottom sediment, which increased its specific 
gravity. The oil migrated to an area near a nuclear power plant’s cooling water intake, 
causing the plant to shut down. The temporary shutdown of these kinds of facilities 
costs millions of dollars, which is the only option to avoid possible damage to 
equipment. In the case of freshwater spills, the impact can be on drinking water intake. 
Oil migration or erosion also has the potential to affect critical macrofauna or 
microfauna. In this research, bitumen erosions and movement were observed in 
freshwater and saltwater at varying temperatures and current velocities. Table 3 
summarizes the maximum and minimum conditions. 
 








Water Velocity (cm/s) 
Minimum X-Direction 
Water Velocity (cm/s) 
Saltwater 28.0 15.7 60.0 8.5 
Freshwater 29.3 17.1 57.5 13.5 
 
In freshwater and saltwater, erosions were observed over a range of temperatures and 
water velocities. The first objective of this research was to determine the CSS threshold 
at which erosions occur. BSS values ranging from ~0.1-2.5 Pa occurred during these 
experiments and erosions occurred throughout the entire range. There were no 
significant results between bitumen erosions and any of the experimental variables. It is 




possible that flume and motor limitations did not result in achieving a BSS conditions 
great enough to cause mass erosions. These results would be expected to change if a 
wider temperature and water velocity range were tested. 
 
There was a relationship in the saltwater X-direction lengthening, which supports the 
principle of shear thinning, or the tendency of some fluids to be less viscous when 
subjected to shear strain (Abivin et al. 2012). This partially supports the findings by 
Watkins (2015), who found an increased number of bitumen erosions at a combination 
of high temperature and low current velocity. Watkins (2015) concluded this effect was 
due to the principle of shear-thickening, which is the tendency of some fluids to be more 
viscous when subjected to shear strain. Both temperature and average water current 
velocity had significant effects on X-direction lengthening (Figure 20).  
 
The second objective of this research was to determine if the probability of erosion or 
movement along the bottom changes in freshwater vs. saltwater conditions. Figure 15 
best represents the differences between water conditions. Overall, there were few 
differences between freshwater and saltwater runs. However, all of the freshwater runs 
that experienced no erosions occurred in low velocity conditions (Figure 19). Saltwater 
“no erosion” events occurred randomly throughout the spectrum of temperatures and 
velocities used for testing (Figure 18). 
 
A goal of this research was to investigate a possible relationship between oil erosions 
and temperature or water velocity. There did not appear to be any observable 




relationship. The erosion frequency observation could be used to estimate the 
probability of oil resuspension during an oil spill scenario. This lack of relationship could 
be due to the fact that velocity and temperature affect oil erosion probability in differing 
ways, so when combined, there is no general trend. It is also possible that oil sample 
shape on the grid sheet (i.e., vertical height of oil sample) could impact the quantity of 
erosions during the run. However, both temperature and average velocity had 
significant effects on X-direction lengthening percentage (Figure 20). 
 
As calculated by the TKE method, BSS is primarily affected by water velocity, but is 
minorly impacted by temperature as the density of water changes, but CSS appears to 
be the master variable controlling erosions or oil movement. It is unknown how big a 
role temperature influences on water density have on BSS conditions. From this 
research, the effects of water density on BSS were negligible. CSS is primarily a 
function of oil type and viscosity, the latter being controlled by water temperature. So 
although water temperature may have negligible effects on BSS, it is the master 
variable when controlling CSS.  
 
Figure 23 compares BSS and X-direction lengthening percentage, which applied the 
Shields Principle to Alberta bitumen as a predictor of oil movement. Shields was able to 
predict the BSS required to initiate particle movement. Greater lengthening percentage 
was often achieved at higher BSS conditions, but this relationship was not significant. 
There may be a significant relationship between BSS conditions and X-direction 




lengthening percentage if a larger range of BSS conditions was achieved in the annular 
flume.  
 
It is important to note that oil spill scenarios can be complex in regards to the fate and 
transport pathways of the oil, as well as communicating risk tradeoffs and decision-
making. Romero et al. (2014) studied oil pathways from the 2010 Deepwater Horizon oil 
spill event and highlights the complexity of sinking oil during an oil spill event. From 
Deepwater Horizon, both insoluble and soluble hydrocarbons were found to deposit in 
higher rates in deep sea due to sinking of oil-particulate aggregates, as well as 
advective transport and direct contact with sediments 1000-1200m below the surface. 
 
These complex oil transport interactions can make decision-making by oil spill 
responders challenging. Bostrom et al. (2015) emphasize the difficulty in communicating 
oil spill response risk, uncertainty, health, and safety. Michel & Fingas (2016) stress that 
proper equipment, procedures, and worker training are key components in oil spill 
prevention systems. Equipment and spill procedures vary by spill, so ensuring workers 
are informed of the available tools is critical during a response. Having an index of CSS 
probabilities (e.g., lengthening percentage) for different viscosity oils could help predict 
movement and locate the spilled oil on the bottom. There are also alternatives to 
computer-based modeling that oil spill responders can use to help aid decision-making, 
such as “What-If Scenario Modeling”, which can help improve preplanning strategies 
(Leschine et al., 2015). These strategies still require some form of prediction or 
estimation of oil transport, movement, and behavior, which this research provides.  




CHAPTER 6: CONCLUSIONS 
 
During an oil spill, oil has the ability to sink under the right environmental conditions, 
which can lead to numerous challenges for responders.  - From this research, oil erosions could not be predicted using the BSS TKE 
method. Oil erosions occurred at an unpredictable CSS range, which 
contradicted the hypothesis that a BSS could help predict CSS-related erosions. 
However, CSS-related oil movement along the bottom could be estimated. For 
most runs, the critical temperature threshold at which notable lengthening 
occurred was approximately ≥ 19°C, which correlates to a viscosity of ~462 Pa.s. - When examining the BSS results, there were no notable differences between the 
freshwater and saltwater runs. Temperature had negligible effects on freshwater 
vs. saltwater water densities, but temperature does have a direct effect on oil 
viscosity, which controls CSS. Temperature and water velocity had significant 
effects on X-direction lengthening. - There may be a relationship between BSS and X-direction lengthening, but 
further testing should be done to examine oils of different viscosities, over a 
larger BSS range, and at consistent low-medium-high testing.  
 
This type of information can help responders better understand the behavior of non-
floating oil and the risks of impacting water intake structures or critical species.  
.  




CHAPTER 7: RESEARCH RECOMMEMDATIONS 
 
1. The original thinking behind applying Shields’ research to bitumen was since 
bitumen viscosity is a function of temperature, a graphical relationship could be 
created with viscosity on the X-axis and probability of erosion or migration on the 
Y-axis. For future research, a variety of viscoelastic oils of varying viscosities 
should be tested to determine if this relationship holds true. There appears to be 
promising evidence of the relationship between temperature/viscosity and oil 
migration, but it is unknown if erosions and temperature/viscosity are related. 
 
2. One of the challenges found when analyzing these data was varying 
temperatures and velocities that were not well distributed on the 3-D graphs 
when comparing freshwater and saltwater runs. It is recommended that a 
consistent low-medium-high temperature and a low-medium-high water velocity 
be chosen prior to experiments.  
 
3. The Vectrino Profiler is a very complex and advanced instrument. Extensive 
training is recommended prior to experimenting to ensure the instrument is being 
used properly. 
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Appendix B. TKE Shear Stress MATLAB Script 
 
The objective is to determine the fluctuations in the X, Y, and Z direction. Theoretically, the Z1 and 
Z2 data files should be the same velocity, but we use the Z1 file, which is the Z velocity measured 
by the X prong.  
        clc 
        clear 
        format long 
        load('VectrinoDataFile.mat') 
 
Finding Primes  
        VelX = Data.Profiles_VelX; 
        VelY = Data.Profiles_VelY; 
        VelZ = Data.Profiles_VelZ1; 
        [r,c] = size(Data.Profiles_VelX); 
        x_mean = zeros(1,c); 
        y_mean = zeros(1,c); 
        z_mean = zeros(1,c); 
        x_std = zeros(1,c); 
        y_std = zeros(1,c); 
        z_std = zeros(1,c); 
        x_prime = zeros(r,c); 
        y_prime = zeros(r,c); 
        z_prime = zeros(r,c); 
% Note, in the equation x_prime = U', y_prime = V', z_prime = W' 
        TKE = zeros(r,c); 
% Relabel the variables 
 
for i = 1:c  
            x_mean(i) = mean(VelX(:,i)); 
            y_mean(i) = mean(VelY(:,i)); 
            z_mean(i) = mean(VelZ(:,i)); 
            x_std(i) = std(VelX(:,i)); 
            y_std(i) = std(VelY(:,i)); 
            z_std(i) = std(VelZ(:,i)); 
% Some of the values are "bad" data, so we have to eliminate the values that are NaN = Not a Number, 
which means these values are later ignored by Matlab 
for j = 1:r  
                n1 = x_mean(i) + 3*x_std(i); 
                n2 = x_mean(i) - 3*x_std(i); 
                if (VelX(j,i) > n1) || (VelX(j,i) < n2) 
                    VelX(j,i) = NaN; 
                    VelY(j,i) = NaN; 
                    VelZ(j,i) = NaN; 
                end  
                n1 = y_mean(i) + 3*y_std(i); 
                n2 = y_mean(i) - 3*y_std(i); 
 
 






                if (VelY(j,i) > n1) || (VelY(j,i) < n2) 
                    VelY(j,i) = NaN; 
                    VelX(j,i) = NaN; 
                    VelZ(j,i) = NaN; 
                end  
                n1 = z_mean(i) + 3*z_std(i); 
                n2 = z_mean(i) - 3*z_std(i); 
                if (VelZ(j,i) > n1) || (VelZ(j,i) < n2) 
                    VelZ(j,i) = NaN; 
                    VelX(j,i) = NaN; 
                    VelY(j,i) = NaN; 
                end  
end  
Calculate the Fluctuation (Prime): Measured Value - Mean = Prime. NOTE: On line 70, density for 
freshwater is 1000 kg/m^3, but density for saltwater is 1026 kg/m^3  
                 x_prime(:,i) = VelX(:,i) - x_mean(i); 
                 y_prime(:,i) = VelY(:,i) - y_mean(i); 
                 z_prime(:,i) = VelZ(:,i) - z_mean(i); 
 TKE(:,i) = 0.5*1000*(x_prime(:,i).^2 + y_prime(:,i).^2 + z_prime(:,i).^2); 
end  
tau = C * TKE  
% C is a constant equal to 0.19 
        tau = 0.19*TKE; 
        tau_m = zeros(1,c); 
        for i=1:c 
            tau_m(i) = nanmean(tau(:,i)); 
end  
        tau_final = mean(tau_m); 
        display(tau_final) 
         
        tau_final = 
           FinalAnswerBSS 
 
 
Published with MATLAB® R2014b  
 
  




Appendix C. Concatenating MATLAB Script 
 
 Use this code to stitch multiple Vectrino filed together  
clear all;  
close all;  
clc 
 
How to stitch multiple Vectrino.mat files into one MATLAB file. Note: Replace with the appropriate 
amount of rows for each individual MATLAB file.  
Data Input  
Part1 = load('VectrinoDataFile1.mat'); 
Part2 = load('VectrinoDataFile2.mat'); 
 
Select the variables used for analysis. Concatenate all into one new file  
         
% Concatenating Profile Velocity X 
Profiles_VelX =[Part1.Data.Profiles_VelX;Part2.Data.Profiles_VelX]; 
         
% Concatenating Profile Velocity Y 
Profiles_VelY =[Part1.Data.Profiles_VelY;Part2.Data.Profiles_VelY]; 
         
% Concatenating Profile Velocity Z1 
Profiles_VelZ1 =[Part1.Data.Profiles_VelZ1;Part2.Data.Profiles_VelZ1]; 
         




% Concatenating Host Time 
Profiles_HostTime = [Part1.Data.Profiles_HostTime,Part2.Data.Profiles_HostTime]; 
         
% Profles_Range is the same for each file, so we only specify one of them 
Profiles_Range = [Part1.Data.Profiles_Range]; 
 






         
% File will save to desktop. Name file as that day's run and it will be a culmination of all of the .mat files. 








Appendix D. Calculating Average Velocity 
 
To calculate average velocity for a run (for Table 1), the following script was used in 
MATLAB: 
 
1. Open MATLAB 
2. Open data File 
3. Options > “configure” + “data” appear on right 
4. VelocityX > click 
5. Exp 
square=(Data.ProfilesVelX(:).^2 
 squarevalues pops up on 
meansquarexvales = mean(squarexvalues(:)) 
6. This has the ability to loop if needed. 
  








Leopold LP, Wolman MG, Miller JP. (1964) Fluvial Processes in Geomorphology. WH 









Appendix F. Standard Operating Procedure (SOP) for CRRC Oil Flume 
 
1. Turn on computer and plug in GoPros so they charge. GoPros must be fully charged prior to run. 
Fill out CRRC Flume Run Data Collection sheet throughout run. 
2. Using a paint stirrer or dipstick, place 20 grams of oil on grid sheet (within ±0.2 grams). Try to make 
oil drip into a circular “blob” on the grid sheet. 
3. Remove old grid (if there from previous run) while being careful to not damage the Vectrino. Cut the 
“clean” part of the grid sheet and throw away throw away in trash. The remaining oil-contaminated 
grid piece should be disposed in white oil waste bucket. The clean part of the grid paper is cut to 
reduce costs associated with oil disposal. Flume motors should be plugged into wall at this time. 
4. Tape down new grid sheet in the inner flume. Be mindful that the area may need to be dried in 
order for the duct tape to stick. Three pieces of tape on each side of grid sheet is typically used. 
5. Once everyone has exited the tank, turn on water hose and adjust water to correct temperature. 
6. Leave hose on and check temperature with thermometer periodically, adjust temperature by 
adjusting hot/cold water valves as needed until 17’’ water depth is reached.  
7. As you wait, make new folder in desktop data folder with today’s date as the name. This is very 
important since the Vectrino needs a clear place to save the data. Always label folders with the 
date and conditions of the run. Fill in data sheet throughout the run. 
8. Start Vectrino Profiler software and establish a save destination to the folder you just created. 
9. Once tank is filled, lower Vectrino to ~6cm above the oil. (check “distance from bottom” on Vectrino 
to verify). Vectrino head and oil should be in the center of inner flume since this is the point with the 
least amount of turbulence caused by the flow straightener. 
10. With the oil sheet at the bottom of the tank, count the X and Y amount of grids are covered by the 
oil. Taking a picture of the oil may make it easier to count the grids. Note: X is the direction with the 
flow, Y is the direction from wall to wall of inner flume.   
11. Start Vectrino and GoPros simultaneously and put GoPros in place. Make sure that the GoPros are 
secure in the waterproof housings. Any hair, paper, etc. caught in the edges of the camera housing 
may result in a leak, which will break the cameras. 
12. Start motor and watch velocity reading until it reaches desired velocity. Record time (this it the time 
the actual run starts) and stop run 1hr from this time. On the Vectrino, the teal-colored number 
represents the water velocity (V Magnitude).  
13. To end run, turn Vectrino off first, then motor, then GoPros. Dry off GoPros to ensure no water 
touches the camera when the housing is opened. 
14. Count X and Y grid squares to determine oil migration and record on data sheet. 
15. Put sump pump into tank, plug pump in, wait 5 seconds, then unplug (the water will siphon 
automatically). Be sure that the end of the sump pump is securely in the drain. 
16. Save videos into run folder under “video”. Name the video files with the date. 




CRRC Flume Run Data Collection:  
 
Date: ___________________, Run _____________    
Lab Tech(s):_________________________ 
                  
_________________________ 
 
Oil Type: ________________________________   
Oil Mass:_________________ g 
 
Oil Blob Dimensions: 
X1 _________cm  X2 _________cm  % Lengthening: ___________  
Y1 _________cm  Y2 _________cm  % Widening: ____________ 
 
 
Target Velocity: ________ cm/s     Temperature: _______ °C  Salinity: _____ ppt 
Observed Water Velocity Range: _______cm/s - _______ cm/s. 
 



















































    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
 
 
    
Verification of # of Erosions Counted: ___________  













(Write notes on an additional sheet and attach if needed)  
 
  

































141.69 2177.19 15.37 10.00 83.46 25.26 87.91 86.28 2181.80 218.18 
349.72 4222.64 12.07 20.00 162.73 25.23 88.63 85.27 4237.10 211.85 
582.36 6195.46 10.64 30.00 237.69 25.23 89.79 84.63 6222.77 207.43 
830.78 8120.09 9.77 40.00 311.32 25.23 91.16 84.16 8162.48 204.06 
1092.94 10004.30 9.15 50.00 383.90 25.23 92.65 83.77 10063.82 201.28 
1358.82 11859.20 8.73 60.00 455.85 25.21 94.25 83.46 11936.79 198.95 
1633.57 13688.70 8.38 70.00 527.52 25.21 95.91 83.19 13785.83 196.94 
1913.81 15494.80 8.10 80.00 599.28 25.19 97.61 82.96 15612.54 195.16 
2199.15 17282.50 7.86 90.00 671.47 25.19 99.34 82.75 17421.86 193.58 
2488.15 19053.40 7.66 100.00 744.39 25.17 101.10 82.56 19215.17 192.15 
50.44 1090.89 21.63 10.00 41.86 30.01 90.63 87.35 1092.06 109.21 
131.41 2134.20 16.24 20.00 82.28 29.99 93.17 86.48 2138.24 106.91 
227.08 3148.22 13.86 30.00 121.53 30.02 96.07 85.87 3156.40 105.21 
329.74 4142.40 12.56 40.00 160.99 30.00 99.18 85.45 4155.50 103.89 
438.95 5117.45 11.66 50.00 201.05 30.02 102.37 85.10 5136.24 102.73 
551.95 6074.20 11.01 60.00 242.11 29.98 105.60 84.81 6099.23 101.65 
669.10 7019.63 10.49 70.00 284.65 29.98 108.81 84.56 7051.45 100.73 
789.00 7951.89 10.08 80.00 329.20 30.01 111.97 84.33 7990.94 99.89 
912.73 8880.56 9.73 90.00 376.16 30.00 115.03 84.13 8927.34 99.19 
1039.45 9794.96 9.42 100.00 425.91 29.99 117.99 83.94 9849.96 98.50 
18.73 556.59 29.71 10.00 21.41 35.00 94.50 88.07 556.91 55.69 
48.23 1097.88 22.76 20.00 42.92 35.01 100.41 87.48 1098.94 54.95 
87.51 1629.61 18.62 30.00 65.13 35.02 106.25 86.93 1631.96 54.40 
130.47 2152.42 16.50 40.00 89.11 34.99 112.00 86.53 2156.37 53.91 
176.47 2667.24 15.11 50.00 115.43 35.00 117.46 86.21 2673.07 53.46 
225.08 3176.52 14.11 60.00 144.66 35.01 122.52 85.95 3184.48 53.07 
276.50 3681.31 13.31 70.00 177.30 35.01 127.12 85.70 3691.68 52.74 
329.77 4179.94 12.68 80.00 213.70 35.00 131.29 85.49 4192.93 52.41 
376.82 4672.93 12.40 90.00 254.35 35.00 135.08 85.39 4688.10 52.09 
442.04 5165.80 11.69 100.00 298.65 34.98 138.35 85.11 5184.68 51.85 
9.13 302.24 33.10 10.00 11.77 40.00 100.02 88.27 302.37 30.24 
21.00 599.04 28.53 20.00 24.65 40.00 110.93 87.99 599.41 29.97 
36.78 892.26 24.26 30.00 39.77 40.01 120.51 87.64 893.02 29.77 
55.00 1182.46 21.50 40.00 58.13 39.98 128.64 87.34 1183.74 29.59 
76.02 1469.61 19.33 50.00 80.31 40.00 135.33 87.04 1471.57 29.43 
98.42 1754.32 17.82 60.00 106.69 40.00 140.82 86.79 1757.08 29.28 
122.08 2036.48 16.68 70.00 137.52 39.98 145.30 86.57 2040.14 29.14 
147.76 2316.14 15.67 80.00 172.88 39.99 148.99 86.35 2320.85 29.01 
174.23 2595.10 14.89 90.00 212.89 40.01 152.04 86.16 2600.94 28.90 
202.47 2871.77 14.18 100.00 257.66 40.00 154.60 85.97 2878.90 28.79 
Analysis completed using Discovery HR-1 rheometer produced by TA Instruments. Analysis completed on 
12/14/2016. Analysis conducted on 24mm parallel plate, ETC Steel – 103838, Temperature Sweep.   
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Appendix	H.	JMP	Pro	13	Statistical	Analysis	Report	Data	analyzed	using	JMP	Pro	13	by	Ian	Gaudreau	(2017).	
	
